In this in ves ti ga tion, ex per i ment is car ried out on a 1500 rpm con stant speed sin gle cyl in der Die sel en gine. The test is car ried out with Neat die sel, neat biodiesel, and blend B20. The en gine con sid ered was run with elec tronic fuel in jec tion
In tro duc tion
The so cial re spon si bil ity on en vi ron ment con cern in duces au to mo bile in dus tries and re search ers to con cen trate on emis sion re duc tion. At pres ent pe tro leum based fos sil fu els dom inates the trans port sec tor through pout the world. For the past de cades many re search ers con centrate on the re new able al ter na tive fu els for en gines. Es pe cially for com pres sion ig ni tion en gines they sug gest es ter based veg e ta ble oil as a prom is ing fu ture fuel. As Rudolf die sel pre dicted in 1900, veg e ta ble oil is emerg ing as an al ter na tive source for ve hi cles. The use of neat veg e ta ble oil has draw backs of in jec tor foul ing, car bon de posit, and poor at om iza tion due to its higher viscos ity [1] . The veg e ta ble oil treated with trans-esterification pro cess yields es ter based veg e table oil known as biodiesel. The prop er ties of biodiesel that de pends on its pro duc tion method and feed stock plays a sig nif i cant role in its per for mance and emis sion com bus tion char ac ter istics on en gine [2, 3] . The lower heat ing value of biodiesel is less than die sel which causes sig nifi cant in crease in fuel in jec tion quan tity into the com bus tion cham ber. Biodiesel has lower pen etra tion and higher spray an gle de spite of its vis cos ity. The higher cetane num ber re duces the ig ni tion de lay pe riod for the biodiesel in di cat ing that the chem i cal fac tors are more im por tant than phys i cal fac tors for ig ni tion of fuel. The ox y gen con tent in the fuel struc ture of die sel re -duces emis sions in tail pipe [4] . In de ter min ing the com bus tion char ac ter is tics biodiesel shows shorter un con trolled com bus tion phase and lon ger mixer con trolled com bus tion phase than diesel. This af fects the peak pres sure and rate of pres sure change in side the com bus tion cham ber. The peak pres sure ob tained in biodiesel is lower than die sel due to its lower cal o rific value. Simi larly, the rate of heat re leased from the fuel is ear lier and lesser for biodiesel com pared to die sel [5] . In this work the per for mance and com bus tion char ac ter is tics of biodiesel, die sel, and B20 blend are com pared to un der stand their be hav ior in side the cylinder.
Ex per i men tal pro ce dure
The ex per i ment is car ried out on a sin gle cyl in der, con stant speed, di rect in jec tion Diesel en gine loaded by eddy cur rent, wa ter cooled dy na mom e ter ( fig. 1 ). The fuel in jec tion sys tem in the en gine re placed with elec tronic fuel in jec tion sys tem to have better at om iza tion. An electronic con trol ac tu a tor is built to en er gize the fuel in jec tor which gets en er gized based on the flywheel sen sor in put sig nal.
The pi ezo elec tric pres sure sen sor is used to ob tain the in-cyl in der pres sure data which is cou pled to com puter through data ac qui si tion sys tem. The test is car ried out us ing die sel, biodiesel, and B20 blend for var i ous load and the re sults are dis cussed here. Many re search ers sug gested B20 blend as the most suit able blend to run on en gine with out any en gine mod i fi cation. Hence B20 is used for en gine test run in this work. From the pres sure data ob tained the heat re lease rate (HRR) is sim u lated nu mer ically to study its com bus tion char ac ter is tics. Ta bles 1 and 2 shows the en gine spec i fi ca tion and fuel prop er ties.
Re sult and dis cus sion

Per for mance char ac ter is tics
The most im por tant pa ram e ters to de ter mine the per for mance char ac ter is tics of an en gine are brake ther mal ef fi ciency (BTE) and brake specific en ergy con sump tion (BSEC) for the fuel and its blends [6] . The fig. 2 shows the com par ison of BTE of the die sel, B20 and B100 of an en gine us ing elec tronic fuel in jec tion sys tem. It is ob served that the BTE of B20 and B100 is lower than die sel by 2.31% and 3.93%, re spectively. The BSEC of B20 and B100 is 5.38% and 24.35% higher than die sel, re spec tively. The fig. 3 shows the com par i son of en ergy consumptions of the fu els con sid ered. The lower heat ing value (LHV) of the fuel plays an im por tant role in per for mance char ac ter is tics. In gen eral, for biodiesels if the LHV is high the ef fi ciency of the en gine will also be high and vice versa. The low LHV of biodiesel re sults drop in ther mal ef fi ciency of the en gine with die sel and also in crease the fuel con sump tion rate due to less en ergy re lease from the unit mass of fuel [7] .
Com bus tion char ac ter is tics
In com bus tion char ac ter is tics anal y sis, the prin ci ple di ag nos tic tool is the pres sure vs. crank an gle (CA) curve. In com bus tion pro cess, the cyl in der pres sure is af fected by the changes in the vol ume of com bus tion cham ber due to pis ton travel, heat trans fer to the walls, blow-by, and in ad di tion to that the an other primes most fac tor is LHV of fuel. There fore, in or der to ex am ine the com bus tion, pro cess it is nec es sary to re late pres sure rise in each CA degree in sep a rate. This type of data re duc tion is re ferred to by HRR anal y sis. The amount of exergy in the ex pand ing cyl in der gases that can be con verted to me chan i cal work through piston is called net HRR. Here the HRR is nu mer i cally sim u lated with the pres sure data ob tained and the val ues are an a lyzed.
The HRR cal cu la tion
The HRR is math e mat i cally cal cu lated us ing the fol low ing equa tions. The gross HRR is the sum of net HRR and heat loss [8] . There fore, net HRR can be found by, gross HRR = net HRR + (heat trans ferred to walls + crev ice ef fects + fuel va por iza tion and heat up).
Here the crev ice ef fects, fuel va por iza tion and heat up are ne glected as they are neg li gible loss. There fore, by ap ply ing first law of ther mo dy nam ics we get, net HRR = sensible in ter nal en ergy change, of charge + piston work i. e.: 
PV m T = R (4) Dif fer en ti at ing (4) gives:
Sub sti tut ing (2), (3), (4), and (5) in (1) and sim pli fy ing, we get:
By us ing the eq. (6) the net heat re leased from fuel is cal cu lated by tak ing the nec es sary as sump tions where ever needed.
Pres sure crank an gle
Cyl in der pres sure data are av er aged over N cy cles be cause av er age of N mea sure ments is more re li able es ti ma tor of the av er age pres sure at that CA than any in di vid ual cy cle mea surement. Pres sure data of an en gine can be ob tained with good ac cu racy and res o lu tion us ing pi ezoelec tric sen sors. By do ing heat re lease anal y sis, the pres sure data can be used di rectly re lated to quan tify the heat re leased by com bus tion. The fig. 4 shows the pres sure com par i son curves of diesel at var i ous loads. It is ob served that the peak pres sure of die sel in creases with load. But af ter 60% load the peak pres sure is less. Thus the peak pres sure is ob tained at part load of the en gine capac ity and the trend is sim i lar for all the fu els con sid ered. The rea son for peak pres sure is the in crease in cyl in der tem per a ture with load mean while it also re sults in re duced ig ni tion de lay of the fuel. If the ig ni tion re duces the du ra tion of pre mixed com bus tion re duces that de creases the peak pres sure. There fore, the ig ni tion de lay at part load can be con sid ered as op ti mum for the en gine to ob tain max i mum peak pres sure. The fig. 5 shows the com par i son of peak pres sure of die sel, biodiesel, and B20. The peak pres sure of die sel, biodiesel, and B20 fu els are 59.58 bar, 58.27 bar, and 53.84 bar at 80, 90, and 120 aTDC, re spec tively.
Rate of pres sure rise
Rate of pres sure rise shows how the pres sure rate var ies in side the cyl in der. The rate of change of pres sure is very small dur ing suc tion and ex haust stoke. The com pres sion and ex pansion stroke shows a sig nif i cant change in pres sure rate. The rate of pres sure change is very impor tant to cal cu late HRR that too be tween -30° bTDC and 50° aTDC . Fig ure 6 shows the rate of pres sure change com par i son for die sel and biodiesel. It can be ob served the pres sure rise is high for die sel com pared to biodiesel which is due to the greater ig ni tion de lay of the die sel [9] . The B20 blend shows rate of pres sure change is slightly higher than biodiesel and lower than die sel. 
Net HRR
The HRR cal cu la tion gives the rate of heat re leased from the fuel burnt dur ing com bustion. The heat re leased from the fuel is enor mous dur ing com bus tion. The pre mixed com bus tion du ra tion gives max i mum heat re lease sud denly af ter the fuel gets ig nited. If the dif fu sion com bustion du ra tion is high, it is ex pected to have lesser HRR but since the cyl in der tem per a ture is high the heat re leased from it will be close to the pre mixed com bus tion. If the com bus tion is mix ture con trolled, it re sult's in high emis sion even though heat re leased is also high. Figure 7 shows com par i son of HRR of die sel for 40%, 60%, and 80% loads. It can be observed that the 80% load has lesser HRR in un con trolled com bus tion and higher HRR in mix ture con trolled com bus tion. Sim i lar trend is also no ticed be tween 40% and 60% load of die sel. This shows that the ig ni tion de lay of the die sel gets re duced with in crease in load. Sim i larly, fig. 8 shows the HRR com par i son of die sel, B20, and biodiesel at 80% load. The fig ure re veals that the heat rate of heat re lease from the biodiesel is less com pared with die sel and B20. This is due to the lower cal o rific value of the biodiesel. The biodiesel has more heat re leased in dif fu sion com bus tion than un con trolled combus tion phase. The max i mum HRR is 31.58 J/CA, 26.21 J/CA, and 28.70 J/CA for die sel, B20, and biodiesel, re spec tively.
In stan ta neous cyl in der tem per a ture
The fig. 9 shows the com par i son of instan ta neous cyl in der tem per a ture of fu els at peak load for the fu els con sid ered. The in cyl in - fig. 9 it can be ob served that the tem per a ture of the die sel is high which is due to the lon ger ig ni tion delay pe riod that re sults in higher heat re lease in the pre mixed com bus tion. The B20 blend shows the tem per a ture less than the die sel due to lower chem i cal en ergy re lease from the fuel burnt. The B100 shows the lesser tem per a ture than the fu els con sid ered. The lesser en ergy con tent and low HRR is the rea son for the less in stan ta neous tem per a ture. The peak tem per a ture of die sel, B20 and B100 are 1448.10K, 1139.65 K, and 1024.47 K, re spec tively.
In stan ta neous spe cific heat ra tio
Spe cific heat ra tio is de fined as the ra tio of spe cific heat at con stant pres sure to the spe cific heat at con stant vol ume. When the pis ton moves to wards the TDC from BDC and vice versa the spe cific heat at con stant pres sure and vol ume var ies with re spect to in stan ta neous pres sure and vol ume. This re sults in change in spe cific heat ra tio in stan ta neously. The in crease in temper a ture of the gases in side the cyl in der re sults in high pres sure af ter the com bus tion and also dur ing com pres sion. This re sults in the lower spe cific heat ra tio when the tem per a tures of gases are high. The fig. 10 shows the com par ison of in stan ta neous spe cific heat ra tio of fu els con sid ered. The low est spe cific heat ra tio of die sel, B20 and B100 are 1.272, 1.287, and 1.291, re spec tively.
Wall heat trans fer loss
When the com bus tion takes places in side the com bus tion cham ber the chem i cal re leased from the fuel is not en tirely avail able at the crank shaft end. Among the en ergy re leased only 33% is uti lized to pull the pay load. Among the re main ing 33% es capes through the ex haust and the re main ing 33% is lost in the cool ant. The en ergy loss to the cool ant takes place through the wall heat trans fer too. The fig. 11 shows the wall heat trans fer for var i ous fu els con sid ered dur ing the en gine work ing con dition. The wall heat trans fer loss de pends on the cyl in der tem per a ture for the heat trans fer to the cool ant through the cyl in der wall. It can be noted from the fig ure that the die sel shows higher wall loss to the cool ant than the other two fu els. The max i mum wall heat trans fers loss of die sel, B20 and B100 are 1.584 J/CA, 0.752 J/CA, and 0.587 J/CA, re spec tively.
Gross HRR
Fig ure 12 shows the com par i son of gross HRR and net HRR of the var i ous fu els at peak load con di tion. The gross HRR is found by adding the wall heat trans fer rate to the net heat trans fer rate of the cor re spond ing fuel tested. The max i mum gross heat trans fers rate of diesel, B20 and B100 are 33.16 J/CA, 29.48 J/CA, and 26.78 J/CA, re spec tively.
Con clu sions
On this in ves ti ga tion on per for mance and com bus tion anal y sis, the com par a tive study is car ried out be tween neat fuel and B20 blend of mahua methyl es ter fu eled on sin gle cyl in der en gine and the fol low ing con clu sions are made. · The BTE of B20 shows 1.11% drop than diesel which can be considered as an optimum blend for engine. · The engine develops maximum pressure at its part load condition for all fuels. At part load condition the peak pressure of diesel, B20 and B100 are 59.58 bar, 58.27 bar, and 53.84 bar, respectively. · Rate of pressure change for the diesel fuel is higher than B20 and B100 due to higher ignition delay followed by its premixed combustion. The biodiesel and it blend gives lower pressure change rate due to lesser ignition delay which affects is peak pressure. · The net HRR shows increase in duration of diffusion combustion phase with load.
Comparative study reveals the maximum HRR for diesel, B20 and biodiesel as 31.58 J/CA, 26.21 J/CA, and 28.70 J/CA respectively. It is also observed that the mixer controlled combustion is higher in for biodiesel than diesel. · The instantaneous temperature of the fuels studied shows the diesel has higher temperature than B20 and B100. Similarly, B20 shows higher temperature than B100. This reduction in cylinder temperature is due to the lesser HRR of the fuel. The peak temperature of diesel, B20 and B100 are 1448.10K, 1139.65 K, and 1024.47 K, respectively. · The instantaneous specific heat ratio shows inverse trend with temperature curve. The reason is the higher the temperature results in change in specific heat at constant volume and pressure which relatively leads to lower specific heat ratio. The lowest specific heat ratio of diesel, B20 and B100 are 1.272, 1.287, and 1.291, respectively. · As the combustion happens inside the cylinder a part of the fuel is lost to the coolant inevitably through wall loss. The heat loss to the wall is increase with in cylinder temperature. The maximum wall heat transfers loss of diesel, B20, and B100 are 1.584 J/CA, 0.752 J/CA, and 0.587 J/CA, respectively. · The gross heat transfer loss is found by adding net HRR with wall heat transfer loss. The maximum gross heat transfers rate of diesel, B20, and B100 are 33.16 J/CA, 29.48 J/CA, and 26.78 J/CA, respectively. Greek sym bol g -spe cific heat ra tio
